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L.P. THOMAS*, J.A. DIEZ* (Departamento de Ffsica, Facultad de Ciencias Exactas, Universidad Nacional del Centro de la Provincia de Buenos Aires, Tandil, Argentina) ABSTRACT . Studies of waves developed in a solid/gas layer driven by a two-step pressure pulse have been performed. The solid is treated with a realistic equation of state and the gas is considered to be ideal. An explicit analytical expression for the Lagrangian distribution of the entropy function p/p y is found.
Central ignition and propagating burn are essential features in target design for inertial confinement fusion (ICF) driven by heavy ion beams (see Ref. [1] and references quoted therein). An important problem is to drive the innermost part of the fuel to a specific entropy higher than that of the rest of the fuel. This kind of entropy distribution can be achieved by superimposing shock waves, driven by a two-step power pulse. The first shock is generated by a low power prepulse and the second by a higher power main pulse. A number of authors have studied this problem by using numerical simulations [1] [2] [3] and, to a lesser extent, by analytical methods [4, 5] because of the complexity of the analysis. However, simple models can provide a physical insight into the basic processes leading to spark formation and useful approximate relationships between the main parameters.
We have studied analytically the hydrodynamic evolution of a system formed by two slabs: a solid (the pusher) and an ideal gas (the fuel), driven by a twostep pressure pulse. We obtain a closed expression for the Lagrangian entropy function distribution S = p/p 7 in terms of the external pulse parameters, where p is the pressure and p is the density. The results can be used for spherical implosions, provided the processes determining the entropy distribution take place during an early stage, far before void closure [3] . The work is based on previous studies [6, 7] dealing with the compression of a single gas slab by an ideal rigid piston. The difference between the previous work and the present one is that here we consider a two-phase . system where the solid phase is treated with a realistic equation of state.
Let us consider a solid slab of density p s0 extending from x = 0 to x = L s , and a gas slab of density p 0 and width LQ, placed next to the solid slab on the right hand side (see insert in Fig. 1 ). The slabs are pushed from the left towards vacuum by an external pressure p, (produced in the absorber, which is a rigid piston in our model) for time t, 0 < t < T, and p 2 > Pi for t > T (T is the delay time between two pulses).
For t > 0, a shock wave into the solid is generated. The conservation laws of mass and momentum for the shock front can be written in the form -u,)
where u, is the particle velocity, D! is the shock speed, and p x and p, are the density and the pressure behind the shock front, respectively. Here, we have neglected the initial pressure of the solid. We shall be concerned with cases where the energy transferred to the solid by the external pressure pt has the same order of magnitude as the potential energy associated with the binding forces of the material. The shock slightly increases the entropy, and we can use the isentropic equation of state [8] 
• Fellows of Consejo Nacional de Investigaciones Cientfficas y Te"cnicas (CONICET), Buenos Aires, Argentina.
where A and n are constants which depend on the material.
Equations (1) and (2) give the ratio of the values of u, p and p across the shock front. We can also calculate the sound speed in the perturbed solid as C) = (dp/dp) s 1/2 . The energy conservation law can be used to estimate the error in the above approximation [8] . For the values of the parameters we are interested in, the isentropic approximation for the compression yields an energy error of about 10% (the error in the pressure is even less).
The shock wave arrives at the solid-gas interface at time T, = L s /D! and then a shock is transmitted into the gas (see insert in Fig. 1 ). Now, this shock wave is strong because p! is much greater than the initial pressure of the gas. The particle velocity u and the density p behind this front as well as the propagation speed D can be calculated by using the Rankine-Hugoniot jump conditions [8] for a perfect gas: 
(3)
As p s0 > po, an unloading wave travels towards the left into the solid with a velocity u, -c^ The Riemann invariant J+, which is uniform throughout this wave, is defined [8] by
By using Eqs (2) and (4), we obtain 2 / nA u -u, = n -1
The pressure and the particle velocity must be continuous across the interface and they can be determined by Eqs (3) and (5). Unfortunately, this system of equations can only give an implicit solution. Note that with p = 0 and p, -p s0 + Ap (Ap < p s0 ), Eq. (5) yields u = 2u,. This fact is known as the velocity doubling rule in an unloading wave [5, 8] , and one could be tempted to consider the solid as a moving piston with velocity 2u b This procedure, however, gives pressure values that are quite different from those obtained with Eqs (3) and (5) .
A better approximation for p can be found by expanding Eq. (5) up to terms of the order p/A. We then obtain a quadratic equation for the pressure p on the interface, whose solution is given by The transmitted shock wave travels through the gas with constant strength as long as it is not overtaken by disturbances from the piston. In fact, the unloading wave reflected at the solid-gas interface becomes a compression wave when it arrives at the piston and catches up with the shock. In this study we consider that the perturbation from the piston will not arrive at the solid-gas interface before the external pressure changes from p, to p 2 > pi (see below). This condition should be verified for each set of parameters used in the problem. At time T 2 = W D , the transmitted shock has encompassed the complete gas layer, leaving behind a uniform distribution of specific entropy given by the entropy function S. For t > T\ + r 2 , a rarefaction wave travels backwards into the gas, and before its head reaches the solid-gas interface the external pressure changes to p 2 . A second shock wave into the solid is then generated which produces a considerable compression of the material. When p 2 > pi, we assume that the solid slab behaves as an ideal gas with 7 = 7 S and that a strong shock is generated.
When this second shock reaches the solid-gas interface, another strong shock is transmitted and the centred rarefaction wave is reflected. As before, the pressure pi' on the interface is found by solving an implicit equation [5, 8] :
The second transmitted shock propagates through the gas with constant strength until it meets the head of the rarefaction wave coming from the free edge. The shock Mach number M e at the encounter is
1/2

Pi
The entropy function behind the shock is is the sound speed in the gas. As this shock travels through the decreasing density profile of the rarefaction wave, the shock strength increases (see Refs [6, 7] and references cited therein). We can now use the previous results of Refs [6, 7] , which give the entropy function distribution as 2 7 7 + 1 / 7 + 1
where 0 = (7 -1) (1 + M "')/[( 7 + 1)(1 + 2/z)], M 2 = (7 ~ l)/27, and m is the Lagrangian co-ordinate of a given element of fluid, defined as the mass between the solid-gas interface and the element.
We take the following typical set of parameters [1] [2] [3] of the problem: p, = 10"Pa, p 2 = 10 12 Pa, p s0 = 11 g/cm 3 , p 0 = 0.2 g/cm 3 , n = 4, 7 = 7 S = 5/3, A = 2 x 10 l0 Pa, L s = LQ = 2 x 10~4 m. With these values the time taken for both the first shock and the rarefaction wave to travel through the gas is quite close to the round-trip time of the disturbances through the solid slab. Therefore, the present model can be applied. The delay time T between the two pulses was chosen so as to give n^ = 0.5. Then, half of the gaseous slab has uniform specific entropy, and in the other half the specific entropy profile increases, diverging towards the free surface. Figure 1 shows a comparison of the specific entropy function distribution of the gas resulting from Eq. (11) of the present model with the profile obtained in Ref. [7] , where the solid slab is treated as a rigid piston. The entropy function in the flat region of the curve is 1.4 X 10" 3 p 2 /ro for the present case, and it is 9.8p 2 /po when the slab is pushed by a rigid solid. The entropy function decreases by one order of magnitude over the distribution, i.e. the solid slab has a smoothing effect on the entropy increase. Basically, this is because the gas entropy is determined by the pressure of the two shocks mentioned above. As their strengths are reduced after the shock-interface interactions, they generate a minor entropy.
It should be noted that scaling of one curve cannot be used to obtain the other curve because the Mach number M e (see Eq. (8)) is different for each case. However, the mass for which S is greater than ten times the value of the corresponding uniform region is about 4% in both cases. Clearly, this fraction can be controlled by changing T, pi/p 2 , Po/p s o a n d WL SNote that the calculated entropy distribution is only slightly modified if we adopt a simplified expression for Eq. (11) with M e > 1. In this limit, the prepulse affects the entropy distribution only through the regulation of the transit times. In fact, for very low values of Pi the first shock in the gas may be overtaken by the second shock before the first one reaches the gasvacuum interface, and a single shock would affect the region near the free surface of the gas. For high values of P) (but always less than p 2 ) the first shock in the gas may be so fast that the rarefaction wave could arrive at the solid-gas interface and so return to the free surface before the external pressure has changed to p 2 . This situation yields different entropy profiles [6] which probably result in a significant reduction of the energy gain. This is shown in Fig. 13a of Ref. [2] , where the energy gain has an approximately constant value within a given interval of the prepulse pressure p). More detailed simulation results than the ones reported in the available literature would be required for a wider comparison.
LETTERS
In summary, we have studied the sequence of waves occurring in a solid-gas layer driven towards vacuum by a two-step pressure pulse. The solid is treated with a realistic equation of state, in contrast to previous studies where it was considered as an ideal rigid piston. The model gives quantitative Lagrangian entropy profiles -a result that is of interest for ICF in the control of spark formation. ABSTRACT. In highly elongated DIII-D divertor discharges, it was found that the line integrated X-ray sawtooth inversion radius scales as r inv /a = l/q 9J for a wide range of plasma parameters including low q and high beta discharges. No density or elongation dependence was observed. The sawtooth inversion radius showed little dependence on injected beam power in H-mode discharges at full toroidal field (2.1 T). At lower fields, the sawtooth inversion radius was observed to increase somewhat with increasing input power. Also, it was found that the sawtooth mixing radius scales as r mix /a = l/q 95 + 0.3 and is independent of elongation.
INTRODUCTION
The central energy redistribution that occurs during a sawtooth crash [1] limits the attainable central electron temperature and increases the time averaged energy and particle transport in the central region of the plasma. The problem becomes particularly acute in discharges with high elongation and low safety factor q, where q can be less than one over a large fraction of the plasma volume [2] . Favourable scaling of the beta limit and the energy confinement time with plasma current makes discharges with low q attractive for future large fusion experiments including CIT and ITER. In this context, it is important to be able to predict the extent of the mixing from the sawtooth oscillations under the conditions expected in these machines [3] .
EXPERIMENTAL SET-UP AND METHOD
Sawtooth oscillations in tokamaks are characterized by a repetitive m = 0 redistribution of the central energy of the plasma. In general, during the time between the m = 0 sawtooth crashes the temperature profile peaks on axis, and during the crash the temperature profile is rapidly flattened across the centre of the profile, as is shown in Fig. la . Also shown in this figure is the temperature inflection surface, which is the point on the profile where the temperature remains constant during the sawtooth crash. The mixing radius r mix , as shown in Fig. la , is the surface furthest away from the centre in which energy is deposited during
